tions were analyzed in a subset of the BEACON population and from a separate, open-label pharmacology study in patients with stage 3b/4 CKD and T2DM administered 20 mg bardoxolone methyl once daily for 56 consecutive days. Results: Bardoxolone-methyl-treated patients in the BEACON substudy had a clinically meaningful reduction in urine volume and sodium excretion at week 4 relative to baseline (p < 0.05), and a separate study revealed that decreased sodium excretion and urine output occurred in some patients with stage 4 CKD but not those with stage 3b CKD. The clinical phenotype of fluid overload and heart failure in BEACON was similar to that observed with endothelin receptor antagonists in advanced CKD patients, and preclinical data demonstrate that bardoxolone methyl modifies endothelin signaling. Conclusions: The totality of the evidence suggests that through modulation of the endothelin pathway, bardoxolone methyl may pharmacologically promote acute sodium and volume retention and increase blood pressure in patients with more advanced CKD.
Introduction
Bardoxolone methyl and its analogs are semi-synthetic oleanane triterpenoid compounds, which activate the transcription factor nuclear factor-erythroid-2-related factor 2 (Nrf2) and induce a potent cytoprotective and anti-inflammatory phenotype [1, 2] . Through interaction with the Nrf2 repressor molecule, Kelch-like ECH-associated protein 1 (Keap1), bardoxolone methyl facilitates translocation of Nrf2 to the nucleus, where it binds to antioxidant response elements in the promoter region of its target genes, leading to induction of many antioxidant and cytoprotective enzymes and related proteins [3, 4] . In fact, Nrf2 transcriptionally controls approximately 90% of all antioxidant genes, making it an important innate defense mechanism against oxidative stress [5] . Bardoxolone methyl is also a potent inhibitor of the nuclear factor-κB (NF-κB) inflammatory pathway through both direct (i.e. inhibition of IKKβ kinase activity) [6, 7] and indirect mechanisms (i.e. detoxification of reactive oxygen species). Because of this dual mechanism of action, bardoxolone methyl is hypothesized to have potential therapeutic relevance in a variety of disease settings involving oxidative stress and inflammation.
Bardoxolone methyl and close analogs demonstrate efficacy in rodent models of kidney disease. Twelve weeks of daily administration of the bardoxolone methyl analog CDDO-dhTFEA (or RTA dh404) significantly decreased mean arterial pressure and reduced glomerulosclerosis, interstitial fibrosis, and inflammation in rats with chronic kidney disease (CKD) induced by 5/6 nephrectomy [8] . Both bardoxolone methyl and its analog CDDO-Im have demonstrated protective effects against cisplatin-induced acute nephrotoxicity [9, 10] . Analogs of bardoxolone methyl also ameliorate angiotensin II-induced kidney injury and estimated glomerular filtration rate (eGFR) declines in rats [11] , as well as protect against iron nitrilotriacetate-induced kidney injury [12] .
Several phase 2 clinical trials have also revealed that bardoxolone methyl improves several measures of kidney function. A phase 2, double-blind, randomized, placebocontrolled trial enrolling patients with type 2 diabetes mellitus (T2DM) and mild to moderate CKD demonstrated a significant increase in eGFR with these effects sustained for 52 weeks [13] . On the basis of these data, a multinational, randomized, double-blind, placebo-controlled phase 3 outcomes trial in patients with T2DM and stage 4 CKD (Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes: The Occurrence of Renal Events, BEACON), was designed and initiated [14] .
The BEACON trial was terminated for safety concerns in response to recommendations from the independent data monitoring committee [14] . The primary reason for the recommendation was a significantly increased risk of heart failure requiring hospitalization, which also increased the composite cardiovascular outcome (nonfatal myocardial infarction, nonfatal stroke, hospitalization for heart failure, or death from cardiovascular causes) in the bardoxolone methyl arm compared to the placebo arm. No increased risk of heart failure with bardoxolone methyl treatment was observed in prior phase 1 and phase 2 clinical studies [13, 15] or in preclinical testing in cynomolgus monkeys [16] . However, in BEACON, elevated B-type natriuretic peptide (BNP), which was measured blindly, and prior hospitalization for heart failure were associated with increased risk for heart failure in stage 4 CKD patients treated with bardoxolone methyl [17] .
Suppression of endothelin signaling in patients with advanced CKD with other pharmacological agents results in a pattern of heart failure similar to that observed with bardoxolone methyl treatment in BEACON. A comprehensive investigation, including additional analyses from BEACON and other clinical studies with bardoxolone methyl, as well as preclinical experiments, was conducted to explore potential bardoxolone methyl-mediated effects on fluid handling and modulation of the endothelin pathway as potential mechanism(s) for the increased risk of heart failure in BEACON patients.
Methods

Clinical Studies
Phase 3 BEACON Study Previous publications describe the BEACON trial design, patient demographics, and baseline characteristics [14, 18, 19] . Briefly, a total of 2,185 patients with T2DM and stage 4 CKD were randomized 1: 1 to once-daily administration of bardoxolone methyl (20 mg) or placebo. Median time on study was 9 months. The primary efficacy outcome of the study was the time-to-first event in the composite outcome defined as end-stage renal disease (ESRD; need for chronic dialysis, renal transplantation, or renal death) or cardiovascular death. Secondary efficacy outcomes included the change in eGFR, time-to-first hospitalization for heart failure or death due to heart failure, and time-to-first event of the composite consisting of nonfatal myocardial infarction, nonfatal stroke, hospitalization for heart failure, or cardiovascular death. An independent Events Adjudication Committee (EAC), blinded to study treatment assignment, evaluated whether ESRD events, cardiovascular events, strokes, and fatalities met pre-specified definitions of primary and secondary end points, as described in the EAC charter [14] . A subset of the BEACON population (n = 174, 8.0%) consented to additional 24-hour assessments of ambulatory blood pressure monitoring (ABPM) and 24-hour urine collections at se-lected visits. The study protocol was approved by Institutional Review Boards at participating study sites and was registered at ClinicalTrials.gov (NCT01351675).
Phase 2 Study
In a separate, open-label pharmacology study, 24 patients with T2DM and stage 3b/4 CKD (eGFR 15-45 ml/min/1.73 m 2 ) were administered 20 mg bardoxolone methyl once daily for 56 consecutive days. 24-hour urine collections were completed on study days 1 and 56 and analyzed for urinary electrolytes. The study protocol was approved by Institutional Review Boards at participating study sites and was registered at ClinicalTrials.gov (NCT01549769).
Preclinical Studies
In vitro Study Rat proximal tubular cells (NRK-52E cells) were treated with vehicle (dimethyl sulfoxide, 0.1% final concentration) or 10-300 n M of bardoxolone methyl in the absence or presence of 10 mg/ml bovine serum albumin. After 24 h, cell culture media was collected and assessed for concentrations of secreted endothelin-1 (ET-1) using a commercially available ELISA kit (R&D Systems, Inc., Minneapolis, Minn., USA).
5/6 Nephrectomy Model of CKD As has been previously described [16] , bardoxolone methyl is subject to rodent-specific adverse metabolism rendering rodents unsuitable for direct evaluation of pharmacologic effects of this compound; therefore, RTA dh404 was used as a close structural analog for these rodent studies. Male Sprague-Dawley rats were subjected to a sham operation (sham controls, n = 6), or 5/6 nephrectomy to induce CKD [8] . Briefly, RTA dh404 (2 mg/kg) or vehicle (sesame oil) was administered orally once daily for 12 weeks to rats with CKD (n = 9 per group). After 12 weeks, the kidney or remnant kidney was immediately removed, frozen in liquid nitrogen, and stored at -80 ° C until analysis. Expression of endothelin receptors type A and B (ET A and ET B ) in the kidney were assessed by Western blot using antibodies against ET A and ET B (Alomone Labs, Jerusalem, Israel). Cytosolic fractions were prepared and analyzed as previously described [20] . An antibody against GAPDH (Santa Cruz Biotechnology Inc., Dallas, Tex., USA) was used for measurements of the housekeeping protein. All experiments were approved by the University of California-Irvine Institutional Committee for the Use and Care of Experimental Animals.
Nonhuman Primate Study Healthy female cynomolgus monkeys, aged 2-5 years, were treated with vehicle (sesame oil) or bardoxolone methyl 30 mg/kg/ day for 28 days [16] . A separate group of animals was treated with bardoxolone methyl for 28 days and then allowed to recover for 14 days. Following the treatment period, animals were euthanized 24 h after the final dose of bardoxolone methyl, and kidneys were collected, rinsed in ice-cold PBS, and frozen in liquid nitrogen. ET A and ET B protein expression, using antibodies from Genetex Inc. (Irvine, Calif., USA) were assessed using immunohistochemistry with methods similar to those previously described [16] . ET A and ET B staining intensity of ×2.5 magnification photomicrographs was quantified utilizing ImageJ software v1.46 with the Densitometry 1 plug-in, both available from the National Institute of Health (http://rsbweb.nih.gov/ij/index.html). Animal welfare for this study was compliant with the U.S. Department of Agriculture's Animal Welfare Act (9 CFR Parts 1, 2, and 3), and the study protocol was reviewed and approved by an Institutional Animal Care and Use Committee.
Statistical Analysis
Preclinical data were analyzed by one-way analysis of variance (ANOVA) followed by Duncan's multiple range post hoc test using Sigmaplot 12.0 (Systat Inc., San Jose, Calif., USA).
Results
Clinical Presentation of Heart Failure Events in BEACON
An increase in fatal and nonfatal heart failure events was the major finding that led to the early termination of BEACON: 96/1,088 (8.8%) patients randomized to bardoxolone methyl patients versus 55/1,097 (5.0%) patients randomized to placebo, corresponding to a hazard ratio of 1.83 (95% CI 1.32-2.55) [14] . Over 80% of the excess heart failure events observed in the bardoxolone methyl group occurred within the first 3-4 weeks after initiation of treatment. Review of the narrative descriptions for these events provided in hospital admission notes indicates that heart failure in bardoxolone methyl-treated patients was often preceded by rapid weight gain (increase of several kilograms immediately after randomization to the active treatment arm). In addition, many hospital records revealed reports of dyspnea, peripheral edema, central/pulmonary edema on imaging, elevated blood pressure and heart rate, unchanged serum creatinine values, and preserved left ventricular ejection fraction. The clinical presentation of these events adjudicated as heart failure in the BEACON trial suggested that there was early-onset fluid retention in the setting of preserved ejection fraction and elevated blood pressure.
Assessment of Clinical Characteristics Associated with Postrandomization Increases in BNP
As previously reported, post hoc analyses using an increase in BNP (as a surrogate for fluid retention or increased left ventricular wall stress) showed that bardoxolone methyl-treated patients experienced a significantly larger increase in BNP than placebo-treated patients [14] . The change in BNP (baseline to week 24) was unrelated to baseline eGFR, changes in eGFR, or changes in albumin/creatinine ratio (ACR; table 1 ). However, in bardoxolone methyl-treated patients only, baseline ACR was significantly correlated with week 24 changes from baseline in BNP (p < 0.01; table 1 ). This suggests that the propen-sity for fluid retention may be associated with baseline severity of kidney disease, as defined by albuminuria status, and was not primarily associated with the general changes in renal function, as assessed by eGFR.
Twenty-Four-Hour Urine Collections
Twenty-four-hour urine collections from the ABPM substudy revealed clinically meaningful reductions in urine volume and excretion of sodium at week 4 relative to baseline in the bardoxolone methyl-treated patients (-247 ± 71 ml, p < 0.05; table 2 ) that were not observed in placebo-treated patients.
Additionally, in a separate study in patients with type 2 diabetes and stage 3b/4 CKD, 8 weeks of treatment with 20 mg of bardoxolone methyl (NCT01549769) led to significant increases in urinary sodium retention as well as water volume retention in patients with stage 4 CKD compared to those with stage 3b CKD ( table 2 ). Patients with stage 4 CKD experienced reductions in both parameters, whereas patients with stage 3b CKD did not appear to retain sodium.
Effects of Bardoxolone Methyl on Blood Pressure
Blood Pressure Changes in CKD Patients As previously described, mean changes from baseline in systolic and diastolic blood pressures, based on the average of triplicate standardized blood pressure cuff measurements, were acutely increased in the bardoxolone methyl group relative to the placebo group in BEACON [14] . Mean ± SD increases of 1.9 ± 14.0 mm Hg in systolic and 1.4 ± 7.4 mm Hg in diastolic blood pressures were noted in the bardoxolone methyl group by week 4 (the first postrandomization assessment). ABPM measurements at week 4 showed more pronounced blood pressure increases in bardoxolone methyl-treated patients relative to placebo-treated patients [14] .
In a separate, open-label, dose-ranging study in 131 patients with type 2 diabetes and stage 3b/4 CKD (NCT01053936), no dose-related trend in blood pressure changes or change at any individual dose level was noted following 85 consecutive days of treatment at doses ranging from 2.5 to 30 mg daily of bardoxolone methyl. Prespecified analysis of blood pressure data stratified by CKD stage suggests that bardoxolone methyl-treated patients with stage 4 CKD (approx. one-third of the patients) tended to have mean increases in blood pressure relative to baseline levels, whereas bardoxolone methyltreated patients with stage 3b CKD had no apparent change ( table 3 ) . This finding directly parallels the differential effects bardoxolone methyl treatment has on sodium and volume retention in stage 3b versus stage 4 CKD patients ( table 2 ) , suggesting a link between volume retention and blood pressure increases in this particular patient population receiving bardoxolone methyl. Although sample sizes in the dose groups stratified by CKD stage are small, the results show a similar relationship whether median or mean values are analyzed, and suggest that the effect of bardoxolone methyl treatment on blood pressure may be related to CKD stage.
Blood pressure values from a phase 2b study with bardoxolone methyl (BEAM, NCT00811889), which used an earlier formulation of the drug and employed a titration design, were highly variable and despite noted increases in some bardoxolone methyl treatment groups, no clear dose-related trend was observed in blood pressure [13] .
Blood Pressure in Healthy Volunteers
To determine if bardoxolone methyl has a primary effect on blood pressure, intensive blood pressure monitoring was employed in a separate 'Thorough QT Study', which was conducted in 179 healthy volunteers (NCT01689116). In both bardoxolone methyl-treated groups, one given the therapeutic dose, 20 mg, and the other given the supratherapeutic dose of 80 mg, the change in blood pressure did not differ from changes in placebo-treated patients after 6 days of once-daily administration and trended down at later time points ( fig. 1 ) . 
Comparison of Bardoxolone Methyl Clinical Phenotype versus That of Endothelin Receptor Antagonists
The data presented in prior sections suggest that bardoxolone methyl promotes fluid retention in patients who are at greatest risk of developing heart failure. Therefore, renal mechanisms that affect volume status, including effects on the renin angiotensin-aldosterone system (RAAS) and perturbation of transtubular ion gradients, were explored to determine if any of these matched the clinical phenotype observed with bardoxolone methyl. For example, the effects on potassium balance seen with RAAS activation [21] were not observed with bardoxolone methyl. This is further exemplified by the unchanged levels of urine or serum potassium in the BEACON ABPM substudy. Therefore, the totality of the evidence suggests that endothelin antagonism may be responsible for the hemodynamic effects seen with bardoxolone methyl in BEACON.
The most directly analogous clinical data the authors were able to identify for comparison of the effects of known endothelin pathway modulators with the BEA-CON study are those with the endothelin receptor antagonist avosentan. Avosentan was studied in stage 3-4 CKD patients with diabetic nephropathy in the ASCEND study, a large outcomes study to assess the time to first doubling of serum creatinine, ESRD, or death [22] . As in BEACON, the ASCEND study was terminated early because of an imbalance in heart failure hospitalization and fluid overload events. Using definitions for fluid overload-related (serious and nonserious adverse) events specified in ASCEND, a post hoc Kaplan-Meier analysis for fluid overload-related events in BEACON revealed striking similarities in the timing of fluid overload ( fig. 2 ) . In both studies, avosentan-or bardoxolone methyl-induced fluid overload events manifested soon after treatment initiation, and event curves appeared to maintain 504 trajectories parallel to the respective placebo arms after the first month of treatment [22] .
Bardoxolone Methyl Modulates Endothelin Signaling
Because the endothelin pathway is activated in the kidney by albumin and other noxious stimuli, the effect of bardoxolone methyl on secretion of ET-1 from proximal tubular epithelial cells was assessed. Treatment with bardoxolone methyl resulted in a significant and dose-dependent decrease in basal secretion of ET-1 ( fig. 3 a) . Moreover, bardoxolone methyl also significantly and dose-dependently decreased albumin-induced ET-1 secretion, even to undetectable levels at the highest concentration tested (300 n M ). In a 5/6 nephrectomy model of CKD in rats, 12 weeks of daily administration of the bardoxolone methyl analog (RTA dh404), after surgery, suppressed expression of proinflammatory and profibrotic mediators [8] and promoted a vasodilatory endothelin receptor phenotype, whereby the induction of the ET A receptor was completely suppressed, and expression of the ET B receptor was partially restored to levels observed in control animals ( fig. 3 b) .
Expression of ET A and ET B was also assessed in a pharmacology study of bardoxolone methyl in healthy monkeys ( fig. 3 c) . After 28 days of treatment, bardoxolone methyl markedly and significantly reduced protein expression of ET A specifically in the renal papilla and medulla by approximately 65% relative to vehicle-treated controls. In a separate group of animals treated for 28 days and then allowed to recover for an additional 14 days, the protein expression of ET A returned to vehicle levels. This study also showed bardoxolone methyl does not affect ET B expression in healthy primates (data not shown). Notably, bardoxolone methyl did not increase NT-pro-BNP levels relative to vehicle controls in plasma samples collected from monkeys on day 28 of treatment ( fig. 3 d) . Thus, in the kidney of healthy monkeys, where bardoxolone methyl has been shown to induce protein and mRNA expression of Nrf2 target genes [16] , the drug also pharmacologically modulates the endothelin pathway but does not increase BNP. Importantly, the site of ET A regulation occurred in the renal medulla, where the endothelin pathway is known to affect sodium and water homeostasis in the renal tubules. Collectively these data suggest that the potent activation of Nrf2-related genes with bardoxolone methyl is associated with suppression of endothelin signaling.
Discussion
An increased number of heart failure events that appear to be fluid overload in etiology were observed in bardoxolone methyl-treated patients in BEACON. The pattern and clinical characteristics of patients that were hospitalized for these events in the BEACON trial suggested an acute, physiologic effect that precipitated fluid overload relatively early in the course of bardoxolone methyl treatment. Elevated baseline BNP and prior hospitalization for heart failure were associated with hospitalization or death due to heart failure in BEACON [17] . Additionally, as a surrogate of fluid retention or increased left ventricular wall strain, BNP increases were significantly greater in bardoxolone methyl-treated patients than in placebo-treated patients at week 24 [14] . The BNP increases correlated directly with baseline ACR, suggesting that the propensity for fluid retention may be associated with baseline albuminuria status, presumably as a reflection of the baseline severity of the kidney disease in these patients.
Urinary sodium excretion data from the BEACON ABPM substudy patients revealed a clinically meaningful reduction in urine volume and excretion of sodium at week 4 relative to baseline in the bardoxolone methyltreated patients only; in another study, urinary sodium levels and water excretion were significantly reduced only in stage 4 CKD patients, but not in stage 3b CKD patients. Together, these data suggest that bardoxolone methyl may affect sodium and water volume handling, with retention of both more pronounced in patients with stage 4 CKD compared with patients with earlier stage CKD.
In a related finding, blood pressure was also increased in the bardoxolone methyl group relative to the placebo group in BEACON [14] . Prespecified blood pressure analysis in healthy volunteer studies demonstrated no Color version available online change in either systolic or diastolic blood pressure, even at doses 4-fold higher than studied in BEACON. Intentto-treat analyses of phase 2 CKD studies conducted with bardoxolone methyl showed no clear change in blood pressure across all patients enrolled, but these studies suggest that increases in both systolic and diastolic blood pressure were observed primarily in stage 4 CKD patients and not in stage 3 CKD patients. Taken together, in parallel to sodium and water retention, these data suggest that the effects of bardoxolone methyl treatment on blood pressure may be associated with CKD severity. Consistent with this phenotype for fluid retention, review of admission notes and narrative descriptions for heart failure hospitalizations in BEACON indicates that heart failure in bardoxolone methyl-treated patients was often preceded by documentation of other clinical symptoms or signs consistent with rapid fluid weight gain and was not associated with evidence of either acute renal decompensation or acutely reduced left ventricular contractility. The preserved ejection fraction observed in most patients at the time of hospitalization is consistent with clinical characteristics of heart failure caused by worsening diastolic dysfunction stemming from volume overload. Alternatively, a generalized increase in capillary permeability in the setting of acutely elevated blood pressure and/or a failure of an adequate pressure natriuresis response could explain clinically significant fluid retention. Notably, this collection of signs and symptoms differs from heart failure with reduced ejection fraction, which occurs because of left ventricular systolic impairment [23] .
Collectively, the urinary electrolyte, BNP, and blood pressure data suggest that bardoxolone methyl treatment may differentially affect systemic hemodynamic status according to the clinical condition of subjects, having no clinically detectable effect in healthy volunteers or earlystage CKD patients, while apparently promoting fluid retention in patients with more advanced renal dysfunction and other recognized risk factors associated with heart failure at baseline.
Preclinical data suggest that bardoxolone methyl administration is associated with decreases in ET-1 secretion and ET A receptor expression. This modulation is distinct from endothelin receptor antagonists, which directly target the receptors that mediate the vascular effects of ET-1 in what would be considered a more classical drugreceptor interaction. Furthermore, unlike endothelin receptor antagonists, bardoxolone methyl does not have primary systemic hemodynamic effects that promote decreases in blood pressure. On the basis of these data, bardoxolone methyl is currently being studied in patients with pulmonary arterial hypertension who do not have advanced renal dysfunction or other identified risk factors associated with heart failure at baseline (e.g. elevated BNP) [17] .
Examination of renal-specific modulation of the endothelin pathway has been studied in animal models. Kidney-specific disruption of the endothelin pathway followed by salt challenge promotes fluid overload in knockout mouse models [24] [25] [26] . Moreover, the specific renal knockout of ET-1 or ET A promotes fluid overload in animals with a clinical phenotype that is similar to endothelin receptor antagonist-mediated fluid overload in patients [25] . Notably, these animals experience acute increases in weight and blood pressure coupled with reduced urinary excretion of sodium and water. These effects are associated with acute activation of the epithelial sodium channel, which is expressed in the collecting ducts of the kidney, reabsorbs sodium, and promotes fluid retention [27] . Further, the endothelin pathway has been identified as a target of NF-κB, with ET A expression decreased in renal artery organ cultures treated with direct NF-κB inhibitors [28] . Thus, the inhibitory effects of bardoxolone methyl on the NF-κB pathway may at least possibly play a partial role on the effects on the endothelin pathway.
Plasma and urinary levels of ET-1 indicate that urinary ET-1 levels are relatively unchanged in patients with eGFRs ranging from 100 to approximately 30 ml/min/1.73 m 2 ; however, urinary ET-1 levels increase exponentially with decreasing eGFR in patients with stage 4 and 5 CKD [29] . These data suggest that renal ET-1 is primarily dysregulated in patients with advanced (stage 4 and 5) CKD.
Thus, the differential effects on fluid handling by bardoxolone methyl, if due to endothelin modulation, might be related to the disparate endogenous production of ET-1 in the kidney, which is meaningfully increased in stage 4 and 5 CKD patients [29] . Because endothelin signaling is dysregulated in the kidneys of patients with lower eGFR values, acute modulation of this pathway in a stage 4 CKD patient population may have promoted acute sodium and water retention. As a result, the retention of fluid from bardoxolone methyl treatment may have translated to an increase in blood pressure and frank fluid overload in susceptible patients with baseline fluid retention, subclinical heart failure, and limited renal reserve. Importantly, bardoxolone methyl-mediated increases in eGFR may be due to glomerular effects, whereas effects on sodium and water regulation may be mediated by the tubules. As eGFR change was not correlated with heart
